Abstract-In this paper, an improved broadband substrate integrated waveguide (SIW) phase shifter with embedded air strips is presented. Phase shifter can be generated based on the variable widths of SIW, variable lengths of microstrip line and a row of embedded air strips. The simulated and measured results both show that this kind of SIW phase shifter has excellent performance for a wider bandwidth. Measured results indicate that the proposed SIW phase shifters for the 45 • and 90 • versions have achieved the fractional bandwidths of 59.6% from 10.2 to 18.85 GHz with the accuracy of 2.5 • , and of 62.3% from 9.5 to 18.1 GHz with the accuracy of 5 • , respectively. The return losses are better than 15.8 dB and 14.5 dB for 45 • and 90 • modules, respectively. In addition, the insertion losses are both found to be better than 1.6 dB in the considered band.
INTRODUCTION
Phase shifter plays an extreme role in the microwave and millimeter-wave circuits and systems such as phase discriminator, phased array, instrumentation and measurement system, etc. Substrate integrated waveguide technology has several advantages such as low insertion and radiation loss, high Q-factor, easy integration with the active circuit, etc. [1] . So far, some SIW phase shifters have been studied and proposed depended with different design methods [2] [3] [4] . In [2] , a self-compensating phase shifter combining delay line and equal-length unequal-width phase shifter has been designed and fabricated. Although the fractional bandwidths are close to 50%, their drawbacks are that the reference phase lines are variable for different phase shifts. In addition, the fractional bandwidth needs to be expanded due to higher demands in communication technology and instrumentation system. In [3] , phase shifter, which consists of a SIW section with two inserted metallic posts, is designed. In [4] and [5] , phase shifts can be controlled digitally by burying NIP diodes within the substrate at specific positions, or placing PIN diodes on the metal material structure as a load. However, the bandwidths are limited and unsatisfactory. To form a phase shifter with a 15 • phase gradient, several phase channels are introduced based on the SIW resonators loaded with extra metallic posts [6] . Obviously, the phase shifter has the characteristics of narrowband and limited phase range. To reduce the size of phase shifter, a broadband compact SIW phase shifter is designed using Omega particles [7] . However, compared with simulation, the measurement results seem not to be ideal. A higher insertion loss will also limit its applications. In [8] , the rod-loaded artificial dielectric slab, which uses an array of metallic rods in the middle of a SIW, is introduced to expand the bandwidth (46%) and enhance the integration. Its bandwidth should be extended for a further application. A broadband phase shifter using round air holes with different diameters in SIW is designed and manufactured [9] . It can reach a fractional bandwidth of 40.6% and a phase shift of about 40 • . In addition, some SIW phase shifters are controlled by electronic tunable voltages based on the operating state of diodes [10] [11] [12] . These phase shifters are needed to further expand bandwidth. In [13] , the researchers have focused on the millimeter-wave ferrite phase shifter in substrate integrated waveguide. The model of ferrite phase shifter is discussed and illustrated. Its bandwidth is about 20% in theory. An X-band ferrite-loaded half mode SIW (HMSIW) phase shifter is presented in [14] . Its insertion loss is less than 3.2 dB at the frequency range from 9.7 to 11 GHz with the return loss of 10 dB. In addition, the phase shifters based on switched-line with loadedline [15] and the composite right/left handed transmission line (CRLH TL) [16] have been discussed. The bandwidths should be expanded for a wider application.
In this paper, an improved broadband substrate integrated waveguide phase shifter with embedded air strips is presented. The measurement results show that it can simultaneously obtain a wider bandwidth and phase accuracies comparing with previous ones. Figure 1 shows the configuration of the proposed broadband SIW phase shifter with embedded air strips. For the constant reference line, it seems to be the same as the new wideband SIW structure [17] , which is formed by two rows of metallized vias, four metallized vias on the edge of SIW section, two microstripto-SIW transitions and two microstrip lines. For the phase shifters, a row of embedded air strips is additionally added to both generate phase shift and expand the bandwidth. The propagation speed of electromagnetic waves in different dielectric constants is totally different. For the several dielectric materials, the phase shift with bigger dielectric constant is more than the others on the condition of the same SIW width and length. It is noted that the phase shift mentioned above is not constant with frequency changes. So the comprehensive compensation method, based on different lengths of microstrip lines, different filled dielectric materials, and different SIW widths, is discussed then. In essential, the embedded air strip can be considered as an irregular air chamber with non-metallic side walls. To constrain electromagnetic field in SIW and avoid radiation leakage into the free space, a piece of metallized PCB cover is used.
CONFIGURATION AND THEORY
For microstrip line, the first-order derivative of phase shift ε e , which represents equivalent substrate permittivity for microstrip line. For SIW sections of branch 1 and branch 2, the phase difference can be written as (f : gigahertz, W es1 and W es2 : millimeters) [2] :
where
and W es2 are equivalent widths of SIW, which can be expressed as follows [2] :
The first-order derivative of phase shift ϕ(f ) s has the following form:
In Eq. (4), parameters m and n represent the number of air strips and number of medium strips, respectively, with n = m + 1. For the part 2 of Eq. (4), the calculation value is less than zero under the condition W es2 > W es1 . But the positive and negative regions for part 1 in Eq. (4) cannot be judged from the mathematical view. In fact, it will be less than zero based on some reasonable choice for physical parameters. This conclusion will be mentioned and proved in the following content.
The microstrip length l m2 > l m1 and SIW equivalent width W es2 > W es1 are assumed. Eq. (1) and Eq. (4) mean that ϕ(f ) m and ϕ(f ) s have totally different trends. If combining two classes of phase shifters above, the sum phase can be compensated each other with frequency.
PHASE SHIFTER DESIGN
In this paper, all phase shifters are fabricated on an RT/Duroid 5880 substrate with a permittivity of 2.2, loss tangent of 0.0009 and thickness of 0.787 mm. The phase shifters are simulated and optimized by Ansoft HFSS.
That part 1 of Eq. (4) should be less than zero and the mathematical relationship can be established means:
It can be simplified as:
Parameters ε 0 and ε r are equal to 1 and 2.2, respectively. The lower and upper frequency can be defined as 9.3 GHz and 20 GHz in this paper. So Eq. (6) can be written as:
The physics parameters should meet the condition of Eq. (7) in theory. Fig. 2 shows the E-field distributions of 45 • and 90 • phase shifters with embedded air strips at the frequency of 15 GHz. It is indicated that the transmission TE 10 mode is very similar to the situation of traditional SIW, and the phenomenon of phase shift is excited. Table 1 lists the dimensions of the phase shifters shown in Fig. 1 . It includes the constant reference line, 45 • and 90 • phase shifters. Thirteen embedded air strips are introduced in the design.
Seen from Table 1 , the final dimensions of phase shifters have met Eq. (7). It can be deduced that the theory in Section 2 has been verified. Based on the parameters in Table 1 , the function equation curve in Part 1 of Eq. (4) can be drawn in Fig. 3 . In a certain range of frequency band for some reasonable choice of physical parameters, the calculation value is less than zero. From Table 1 , the main differences between phase shifters are the length of microstrip lines and width of SIW. The parameter Ly is represented as the longitudinal distance between the metallized vias on the edge of SIW section, which are mainly used to improve the input VSWR, and the row of metallized vias formed SIW section.
SIMULATION AND EXPERIMENT RESULTS
According to the analysis above, phase shifters with a wider bandwidth have been designed and fabricated. Shown in Fig. 4 , the constant reference line, 45 • and 90 • phase shifters with thirteen embedded air strips are listed. The air strips formed based on hollow processing technology means that part of the copper and dielectric material are removed during processing. The air is used as filled material instead of an RT/Duroid 5880 substrate. The metallized PCB, which is perpendicular to the SIW propagation direction of electromagnetic waves, must be closely covered on the Branch 2 viewed in Fig. 4 to avoid electromagnetic radiation leakage. The gap between the metallized PCB cover and Branch 2 should be as small as possible. A vector network analyzer (Agilent E8363B) is used to measure S-parameters. Fig. 5 shows the simulation and measurement results of phase shifters. Measured results show that the improved SIW phase shifters for 45 • and 90 • have achieved fractional bandwidths of 59.6% from 10.2 to 18.85 GHz with the accuracy of 2.5 • , and of 62.3% from 9.5 to 18.1 GHz with the accuracy of 5 • , respectively. For the measured data, the return losses are better than 15.8 dB and 14.5 dB for the 45 • and 90 • shifts, respectively. The insertion losses in the respective defined bandwidth are both found to be less than 1.6 dB. The differences between the simulation and measurement results may be owing to the fabrication, assembly deviations, and connectors. Table 2 summarizes a comparison between this work and the previous published SIW phase shifters.
It can be clearly seen that a wider bandwidth and better return loss have been both obtained for this improved SIW phase shifter. Compared with [2] , a wider bandwidth (about 10% ∼ 15%) with a similar size has been achieved. In addition, paper [7] only shows the exact simulated results' data and rough measured results' figures. Its measured insertion loss (about −5 dB) is seen to be unsatisfactory for its applications. This kind of phase shifter can be applied in six-port junction to replace the 90 • microstrip line phase shifter, whose main disadvantage is the narrow bandwidth (about only 10% relative bandwidth for 90 • ± 5 • ) [18, 19] .
CONCLUSION
An improved broadband SIW phase shifter with embedded air strips is presented in this paper. A row of air strips are introduced into the design to expand the bandwidth. Four metallized vias are added to improve the input VSWR. The measured results show a good agreement with the simulated ones.
With an excellent performance of bandwidth, a better return loss and an acceptable insertion loss have been achieved.
